Abstract. Calcific aortic valve stenosis, the most frequent heart valve disorder in developed countries, is an actively regulated process with similarities to bone formation. Fetuin-A has recently been identified as a potent circulating inhibitor of calcification. While several studies involving patients with end-stage renal disease have shown an association between low serum fetuin-A and cardiovascular calcification, nothing is known about fetuin-A serum levels in non-renal patients with calcific aortic valve stenosis. Furthermore, while fetuin-A has been localized in calcified areas of atherosclerotic arteries, data about fetuin-A deposition in stenotic aortic valves are unavailable at present. Serum fetuin-A levels were determined in patients with (n=31) and without (n=28) calcified aortic valve stenosis by ELISA. Creatinine and CRP levels were determined and glomerular filtration rate (GFR) was calculated by the MDRD formula. Immunohistochemistry for fetuin-A was performed on human calcified stenotic (n=14) and control (n=8) aortic valves using a monoclonal antibody. Serum fetuin-A levels were lower in patients with calcific aortic stenosis as compared to the control group (1.41±0.33 versus 1.57±0,27 mg/dl; p=0.046). This difference was particularly evident in individuals with a normal GFR ≥60 ml/min (1.36±0.24 versus 1.63±0.27 mg/dl; p=0.007). Furthermore, specific staining of fetuin-A was found in stenotic valves but not in healthy control valves. The data suggest a role of fetuin-A in the pathogenesis calcific aortic valve stenosis independently of the renal function and support the concept that mechanisms of calcium homeostasis are involved in the development of calcific aortic stenosis.
Introduction
Calcific aortic valve stenosis is the most common heart valve disorder in developed countries and the main cause of heart valve replacement in the elderly. It is associated with inflammatory cell infiltration, increased cellularity and an accumulation of pro-inflammatory molecules such as tumor necrosis factor (TNF)-α (1). Although calcific aortic stenosis was considered a passive precipitation of calcium in the valve, subsequent findings rather suggest an actively regulated process of bio-mineralization that shares morphological similarity with bone formation (2) . Accordingly, various groups have demonstrated an expression of bone-associated proteins, including bone sialoprotein, osteopontin, osteonectin, osteocalcin and tenascin C (2, 3) .
Fetuin-A is a circulating serum protein with a molecular weight of 58 kDa. It was first described as the major globulin in fetal and newborn calf serum. As a member of the cystatin superfamily of cysteine protease inhibitors, it is synthesized by hepatocytes and reaches high serum concentrations (4) . Fetuin-A is a negative acute-phase protein that is downregulated after infection or trauma. It is ubiquitously present in the extracellular space and has been identified as a potent circulating inhibitor of the calcification process (5). Fetuin-A perturbs hydroxyapatite formation by reducing crystal formation (6) . It also can assemble a high molecular mass complex with calcium phosphate mineral and matrix γ-carboxyglutamic acid protein (MGP), a key regulator of tissue calcification (7) . Furthermore, it has been shown to antagonize osteogenic growth and differentiation factors, to control bone metabolism, to play a basic role in phagocytosis regulation and, finally, to mediate vascular smooth muscle cell (VSMC) calcification (8) (9) (10) . In a transgenic mouse model, ablation of the fetuin-A gene resulted in progressive fatal calcification of soft tissues such as kidney, skin, lungs, vasculature, myocardium and heart valves (5).
Patients with end-stage renal disease (ESRD), in whom cardiovascular calcification is common, often have low serum concentrations of fetuin-A, and the serum from these patients showed a reduced capacity to inhibit calcification in vitro (5, 11 (12) . The role of fetuin-A during the pathogenesis of calcific aortic stenosis, however, is currently unknown. Based on the hypothesis that an association between low serum fetuin-A levels and valvular calcification may also exist in patients with calcific aortic stenosis, the present study evaluated the serum levels of fetuin-A in patients with degenerative aortic stenosis and in controls. Furthermore, the accumulation of fetuin-A in human aortic valves with and without calcific aortic stenosis was determined.
Materials and methods

Serum samples and enzyme-linked immunosorbent assay (ELISA).
Venous blood samples were taken from 31 patients with severe calcific aortic stenosis before coronary angiography. As controls, samples were taken from 28 patients undergoing left heart catheterization for suspected coronary artery disease. In all controls, calcification on fluoroscopy of the aortic valve was absent, valve separation was normal and no gradient >5 mmHg across the valve was present during catheter pullback. There were no patients with ESRD in any of the groups. Hypercholesterolemia was considered present if the total fasting serum cholesterol was >200 mg/dl or if the patient was taking cholesterol-lowering medication. Arterial hypertension was considered present if the resting blood pressure was >140/90 mmHg or if the patient was taking antihypertensive medication. Diabetes mellitus was considered present if the fasting serum glucose concentration was >126 mg/dl or if the patient was taking antidiabetic medication. Coronary artery disease was considered present if at least one stenosis >50% was demonstrated during coronary angiography. Creatinine, glomerular filtration rate (GFR) as assessed by the MDRD formula, and serum C reactive protein (CRP) were measured. In cases in which the CRP value was below the detection limit of 5 mg/l the value of 5 mg/l was used for further calculations. Fetuin-A serum concentrations were analyzed using a commercially available colorimetric ELISA kit standardized with human recombinant fetuin-A (generous gift of Biovendor GmbH, Heidelberg, Germany). All samples were assessed in duplicate.
Aortic valve tissue and immunohistochemistry. Human tricuspid calcified aortic valves were obtained from 14 patients undergoing valve replacement for clinical calcific aortic stenosis. As controls, 8 aortic valves were obtained at autopsy from patients without clinical and morphological aortic stenosis. Valve leaflets were rinsed in cold saline, fixed in 4% buffered formalin, and embedded in paraffin. Single-label immunohistochemistry was performed using the avidin-biotin complex method (Vector Laboratories, Burlingame, USA) as described previously (13) . After removal of paraffin and hydration, sections were boiled in citrate buffer for antigen retrieval, and endogenous peroxidase activity was blocked with methanolic hydrogen peroxide. Sections were washed with phosphatebuffered saline and incubated with anti-fetuin-A primary antibody. After washing, a biotin-labeled horse anti-mouse antibody was applied, followed by an avidin-biotin-peroxidase conjugate for 30 min. As chromogen, 3-amino-9-ethylcarbazole was used yielding a brick-red reaction product. Cell nuclei were counterstained with Meyer's hematoxylin. Liver tissue served as positive control whereas the primary antibody was omitted for negative controls.
Statistical analysis. For statistical analysis, the commercially available software SPSS (Version 12.0, SPSS, Chicago, USA) was used. Continuous data are presented as mean ± SD and categorical data are presented as frequencies. For continuous variables ANOVA was used. For comparisons of categorical variables, chi-square analysis was performed. A probability value <0.05 was considered statistically significant.
Results
The characteristics of the study population are summarized in Table I . Serum fetuin-A levels of patients with calcific aortic stenosis were significantly lower as compared to those of the control group (Fig. 1A) . This was particularly evident in the Table I . Clinical data of patients in whom serum fetuin-A was analyzed.
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AS, calcific aortic stenosis; GFR, glomerular filtration rate; CRP, C-reactive protein.
a No patient suffered end-stage renal disease (highest creatinine was 2.1 g/dl). Figure 1 . Serum fetuin-A levels. A, significantly lower serum levels of fetuin-A in patients with calcific aortic stenosis as compared to the control group. B, subgroup analysis of patients with a normal GFR ≥60 ml/min, yielding a highly significant difference in fetuin-A levels between patients with calcific aortic stenosis and controls.
-------------------------------------------------
subgroup of patients with a normal GFR ≥60 ml/min (Fig. 1B) . In immunohistochemistry, specific staining of fetuin-A was found in stenotic valves in association with areas showing morphological features of focal calcific deposits (22) (Fig. 2A-C) . Fetuin-A staining was detectable within the calcifications (Fig. 2B ) and in cells surrounding the calcifications (Fig. 2C) . No staining was detected in normal valves (Fig. 2D ).
Discussion
Our data show that serum fetuin-A levels are decreased in patients with calcific aortic valve stenosis as compared to a control group without aortic stenosis. Previous studies identified fetuin-A as a potent circulating inhibitor of calcification (5) . Ablation of the mouse fetuin-A gene in a strain of calcificationprone mice results in progressive fatal calcification of soft tissues, including kidney, testis, skin, heart, and vasculature (5). Conforming to our data, Fetuin-A deficient mice also showed significant valvular calcification in this model (5) . Reduced fetuin-A levels, combined with lowered levels of MGP and an abundance of pro-calcific factors such as hypercalcemia, hyperphosphatemia and dyslipidaemia, are thought to disturb the balance of pro-calcific versus calcification-protecting factors in ESRD patients. Therefore, patients undergoing hemodialysis or peritoneal dialysis almost always show extensive cardiovascular calcification (11, 14, 15) . In ESRD patients, fetuin-A deficiency is associated with malnutrition, inflammation and cardiovascular calcification as well as with an increased all-cause and cardiovascular mortality (14, 15) . The association between low fetuin-A levels and the presence of cardiovascular calcification proved to be independent of established cardiovascular risk factors (14) . Fetuin-A can exert its effects by various mechanisms of action. In contrast to other inhibitors of ectopic calcification such as MGP, fetuin-A acts in all extracellular fluids and is not locally restricted. Most notably, it perturbs hydroxyapatite formation, reduces crystal formation, and regulates energy and bone metabolism (6, 9, 16) . Fetuin-A inhibits the calcification-inducing effects of transforming growth factor ß and bone morphogenetic protein-2 which both have been shown to promote valvular calcification (17) (18) (19) (20) . Moreover, fetuin-A may suppress the release of TNFα, a potent regulator of valvular and vascular calcification (21) (22) (23) (24) .
Apart from demonstrating lowered fetuin-A serum concentrations in patients with calcific AS, our results show that fetuin-A is present in stenotic aortic valves but not in normal control valves. This may seem paradoxical given the anti-calcific properties of Fetuin-A, however, these data are in accordance with previous reports that have localized fetuin-A in calcified areas of atherosclerotic arteries (12, 25) .
Moreover, increased tissue levels and lowered serum levels of other anti-calcific factors have been demonstrated in vascular calcification (35) . According to our results, fetuin-A staining was strong at the borders and within the calcification foci, which is likely due to the high affinity of Fetuin-A to hydroxyapatite as observed in the skeleton (26) . On a cellular level, fetuin-A is involved in the removal of intracellular precipitates as determined by its presence in matrix vesicles (8, 12) . Cardiovascular calcification is thought to be initiated by release of matrix vesicle-like structures, and apoptotic bodies may act as a core for basic calcium phosphate nucleation (27) . Fetuin-A is known to shield VSMC in numerous ways from deleterious calcium overload, to augment phagocytosis of apoptotic cells and to blunt the related oxidative burst, thus reducing the development of nucleating sites for calcification (9, 10, (28) (29) (30) (31) . Since apoptosis is an essential early event during the pathogenesis of cardiovascular calcification, these properties of Fetuin-A might contribute to a potential protective effect against valvular calcification (27) . Thus, the presence of Fetuin-A in stenotic but not in normal valve tissue could represent an adaptive process as described in arterial calcification (35) .
Whereas cardiovascular risk factors, albeit closely related to atherosclerosis, did not seem to be associated with AS (32) our present observations support the concept that disturbances of calcium homeostasis may contribute to the pathogenesis of AS (32, 33) . While earlier reports have focused on the effects of fetuin-A deficiency during the cardiovascular calcification syndrome in ESRD patients, the present data are the first to report this association in patients with calcific aortic valve stenosis without ESRD. Moreover, the difference was particularly evident in patients with a GFR ≥60 ml/min, indicating an effect of the calcium homeostasis independently of renal diseases. We demonstrated that fetuin-A is deposited at sites of calcification in stenotic aortic valves, suggesting not only a systemic, but also a local effect of fetuin-A. Together with recent reports on genetic variants in the vitamin D receptor product, these data add further evidence to the hypothesis that mechanisms of calcium homeostasis are likely to be involved in the pathogenesis of calcific aortic stenosis, even in the absence of renal dysfunction (34) . Additional studies are needed to elucidate whether this could be a target of therapeutic intervention.
